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A novel form of Ramsey narrowing is identified and characterized. For long-lived coherent atomic 
states coupled by laser fields, the diffusion of atoms in-and-out of the laser beam induces a spectral 
narrowing of the atomic resonance lineshape. Illustrative experiments and an intuitive analyti- 
cal model are presented for this diffusion-induced Ramsey narrowing, which occurs commonly in 
optically-interrogated systems. 
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The lifetime of an atomic coherence is often limited by 
the finite interaction time between the atoms and reso- 
nant radiation: e.g., by atomic motion through a laser 
beam. For atoms constrained to diffuse in a buffer gas, 
this interaction time is usually estimated by the lowest or- 
der diffusion mode, which leads to the typical Lorentzian 
lineshape, but implicitly assumes that atoms diffuse out 
of the laser beam and do not return 0, However, 
when other decoherence effects are small, atoms can dif- 
fuse out of the interaction region and return before deco- 
hering. That is, atoms can evolve coherently in the dark 
(outside of the laser beam) between periods of interac- 
tion (inside the laser beam) , in analogy to Ramsey spec- 
troscopy 0. fn many cases of interest, diffusing atoms 
can spend a majority of their coherence lifetime in the 
dark, which induces a significant spectral narrowing of 
the center of the atomic resonance lineshape. 

In the present Letter, we identify this "diffusion- 
induced Ramsey narrowing" as a general phenomenon, 
which we characterize through demonstration experi- 
ments using Elcctromagnetically Induced Transparency 
(EIT) in warm Rb vapor, and with an intuitive analytical 
model of the repeated diffusive return of atomic coher- 
ence to the laser beam (see Fig. ^| . The effects identi- 
fied here are particularly important for atomic frequency 
standards [f| and for dynamic light-matter interactions 
such as slow and stored light in atomic vapor [||, but to 
date have only been treated in a few special cases 0, 0] • 

EIT results from optical pumping of atoms into a non- 
interacting "dark" state for two optical fields that are in 
two-photon Raman resonance with a pair of metastable 
ground states of the atomic system 0, El- EIT gives 
rise to a narrow transmission resonance for the optical 
fields, with a minimum spectral width set by the rate 
of decoherence between the two ground states constitut- 
ing the "dark" state. To characterize diffusion-induced 
Ramsey narrowing using EIT, we employed a diode laser 
operating at 795 nm on the 87 Rb Dl transition to drive 
the atoms into EIT resonance between the F — 2 and 
F = 1 hyperfine levels of the electronic ground state. 
The beam passed through an enriched 87 Rb vapor cell 
(2.5 cm diameter, 5 cm length, Ne buffer gas) which was 
heated to approximately 45 °C to create optically thin 
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FIG. 1: (a) Left: an example path for atoms diffusing in 
and out of the laser beam. Right: in some of the measure- 
ments reported here, a transverse gradient in the longitudinal 
magnetic field was applied to the atomic vapor cell in order 
to decohere most atoms that diffused out of the laser beam, 
(b) Calculated EIT lineshapes for repeated diffusive return of 
atomic coherence to the laser beam. Solid red curve: an exam- 
ple lineshape for a particular diffusion history ("Ramsey se- 
quence"), with the time spent in the laser beam ti n = td (the 
mean diffusion time to leave the beam given by the lowest- 
order diffusion mode), and the time spent out of the beam 
before returning t out = 20ru. Dashed black curve: weighted 
average over all Ramsey sequences. 

Rb vapor (n~6x 10 10 cm -3 ). The cell was mounted 
within three layers of magnetic shields to screen exter- 
nal fields. Sets of coils were used as needed to provide 
a homogeneous longitudinal magnetic field (B z ) and/or 
a transverse gradient in the longitudinal field (dB z /dx) 
as shown in Fig.QJi. A photodetector measured the total 
light intensity transmitted through the vapor cell. 

In a first set of experiments, we employed a VCSEL 
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(vertical cavity surface emission laser) with a transverse 
Gaussian intensity profile, which was current-modulated 
at 3.4 GHz to form the two optical fields necessary for 
EIT [l^. We used a collimating lens and iris, and mea- 
sured EIT lincshapcs for various laser beam diameters in 
a cell with 3 Torr Ne buffer gas (Rb diffusion coefficient 
D w 50 cm 2 s- 1 ). We set B z = and dB z /dx = 0, such 
that EIT occurred for all relevant combinations of 
sublcvcls. As shown in Fig. [5^, the measured EIT reso- 
nance for a 1.5 mm diameter beam has a full-width-half- 
maximum (FWHM) of 740 Hz, whereas the calculated 
FWHM ps 20 kHz if one makes the common assumption 
that the coherence lifetime is set by the lowest order dif- 
fusion mode out of the beam (e.g., see 0). As also shown 
in Fig. Eti the measured EIT lineshape for a 1.5 mm di- 
ameter beam is spectrally narrower near-resonance than 
a Lorentzian: this sharp central peak is the characteris- 
tic signature of diffusion-induced Ramsey narrowing. In 
contrast, the measured EIT resonance for a 10 mm di- 
ameter beam is well fit by a Lorentzian lineshape with 
FWHM rj 400 Hz (see Fig. I^), which is in good agree- 
ment with the calculated FWHM using the lowest order 
diffusion mode, and is consistent with the small fraction 
of atoms that leave this relatively large diameter beam 
and return during the maximum coherence lifetime (set 
by buffer gas collisions and diffusion to the cell walls). 

In a complementary set of experiments, we measured 
the EIT lineshape as a function of buffer gas pressure, 
thereby altering the Rb diffusion coefficient and chang- 
ing the fraction of atomic coherence that evolves in the 
dark. (We used a slightly different apparatus than that 
described above. See [l3j for details.) In Fig. [3] we com- 
pare measured EIT lineshapes for 5 Torr and 100 Torr 
Ne buffer gas (D ps 30 and 1.5 cm 2 s _1 , respectively), 
with a 0.8 mm laser beam diameter. Fits to the data 
are shown both for our analytical "repeated interaction 
model" (outlined below) and a Lorentzian lineshape. The 
repeated interaction model provides a good fit at both 
high and low buffer gas pressure, demonstrating its abil- 
ity to account for the physics of diffusion-induced Ram- 
sey narrowing. In contrast, the Lorentzian fit deviates 
significantly from the measurements even for 100 Torr 
Ne buffer gas — i.e., even under conditions of relatively 
slow Rb diffusion and reduced coherence evolution in the 
dark which indicates the inadequacy of the traditional 
approach of assuming that atoms diffuse out of the laser 
beam and do not return. 

Destroying the coherence of atoms that leave the laser 
beam should eliminate diffusion-induced Ramsey narrow- 
ing. As a demonstration of this behavior, we measured 
magnetic- field-sensitive EIT spectra (coupling the F = 2, 
mp = 1 and F = 1, mp = 1 levels) in the presence 
of both a longitudinal magnetic field B z ps 43 mG and 
a transverse gradient in the longitudinal magnetic field, 
dB z /dx (Fig. nji), using a 0.8 mm diameter laser beam 
and 5 Torr Ne buffer gas 0|. An appropriately chosen 
magnetic field gradient (« 2 mG/cm) induced modest 
inhomogeneous broadening of the EIT resonance (« 400 
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FIG. 2: Measured Rb EIT lineshapes (in red) with laser beam 
diameters of (a) 1.5 mm and (b) 10 mm, in a 3 Torr Ne cell 
with 70 /iW laser power in the two EIT fields. Dashed lines 
are fits to a Lorentzian lineshape. Broad solid curve in (a) 
is a 20 kHz FWHM Lorentzian, the expected lineshape for a 
coherence lifetime set by the lowest order diffusion mode out 
of the beam. 



Hz, smaller than the width of the sharp central peak) 
for atoms within the total volume of the laser beam ^| ; 
but caused most atoms that diffused out of the beam to 
lose phase coherence because of the extended period such 
atoms typically spend in the dark (hence probing larger 
differences in the magnetic field). As shown in Fig. 0] 
the characteristic sharp peak in the EIT spectrum is ef- 
fectively eliminated by application of the magnetic field 
gradient. 

We found good agreement between our measurements 
and numerical calculations of the Maxwcll-Bloch equa- 
tions, which describe the atom-light interaction, coupled 
to the diffusion equation, which describes the atomic 
motion. We also developed and successfully applied a 
more intuitive and analytically-soluble approach — the 
repeated interaction model mentioned above. In this 
model, the atomic resonance lineshape is calculated for 
an atom having a specific history ("Ramsey sequence") 
of alternating interactions with the laser beam and evolu- 
tion in the dark. The lineshape for the atomic ensemble is 
then determined by a weighted average of the lineshapes 
from different Ramsey sequences, using the distributions 
of times spent in and out of the laser beam (ij„ and t ou t) 



3 




-10 -5 5 10 

Two-photon detuning ( kHz ) 




-10 -5 5 

Two-photon detuning (kHz) 



FIG. 3: Measured Rb EIT lineshapes (in red) at (a) 5 Torr 
and (b) 100 Torr Ne buffer gas pressure, with 22 /iW laser 
power and 0.8 mm beam diameter. Dashed lines are fits to a 
Lorentzian lineshape. Solid lines are results from the repeated 
interaction model. 
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FIG. 4: Measured modification of the Rb EIT lineshape by 
application of a transverse magnetic field gradient dB z /dx = 
2 mG/cm in a 5 Torr Ne buffer gas cell with 0.8 mm laser 
beam diameter. The field gradient suppresses the sharp peak 
caused by diffusion-induced Ramsey narrowing, but leaves the 
broader EIT lineshape largely unaffected. 



as determined from the diffusion equation; see Fig. [S] 
With this approach, the atomic motion and the atomic 
response to laser fields are decoupled, which dramatically 
simplifies the calculation and allows for an analytical so- 
lution. 

For example, Fig. ^> shows the EIT lineshape calcu- 
lated analytically for one particular Ramsey sequence, 
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FIG. 5: Probability distributions, calculated from the diffu- 
sion equation, for an atom to spend time U n inside a laser 
beam with a step-like transverse intensity profile, and then 
to spend time t out outside of the laser beam before returning. 
Times are expressed relative to td, the mean diffusion time 
to leave the beam given by the lowest-order diffusion mode. 

as well as the ensemble lineshape determined from the 
weighted average over Ramsey sequences. Under the as- 
sumptions that an atom spends equal time ti n in the laser 
beam before and after diffusing in the dark for a period 
t out , as well as a large difference in intensity between the 
two EIT optical fields, the analytical expression for the 
weak EIT field's transmission T as a function of two- 
photon Raman detuning A is given by: 

T(A) = To + |^(-r + VA^Ti^x (1) 
|e~ rt " cos [A • t in +<£a]- 

e -2T Un ~T t out CQS j A . Q tin + + A ] }) . 

Here To is the background transmission far from two- 
photon Raman resonance through the optically thin cell; 
k = j^n\ 2 L/^ 2 , where n is the atomic density, A is the 
optical wavelength, L is the cell length, and 7 is the relax- 
ation rate of the excited state; fid is the Rabi frequency 
for the strong optical field; ?; is the radiative decay rate 
of the excited state; T = Tq + \fld\ 2 /2j is the power- 
broadened EIT linewidth in the absence of diffusion- 
induced Ramsey narrowing, where To is the intrinsic re- 
laxation rate of the ground-state coherence (set by buffer 
gas collisions, etc.); and tan0 A = A/T. The above 
expression also assumes 7 3> A, r ,r and 7r ^> A 2 , 
which arc typically satisfied for EIT in warm Rb vapor. 
The first term in brackets in Eq. is the contribution 
from atoms that interact with the laser beam only once. 
The second and third terms account for returning atoms. 
More generally, the time spent inside the laser beam be- 
fore and after leaving may differ. Also, atoms may return 
to the beam more than once; each additional diffusive re- 
turn will produce two extra terms similar to the last two 
lines in Eq. 

To achieve good fits to the measured EIT lineshapes 
with no free fitting parameters (see Fig. we found 
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that it is sufficient to consider Ramsey sequences lim- 
ited to only one or two evolution periods in the dark. In 
these calculations we assumed a step-like laser profile in 
the transverse direction, which is a good approximation 
when the effective two photon Rabi period is longer than 
the average time atoms spend in the laser beam, so that 
an atom averages over the transverse Gaussian distribu- 
tion of laser intensity. Details of these calculations are 
described in [l"| . 

The width of the lineshape envelope for an individ- 
ual Ramsey sequence, such as that shown in Fig. 
scales inversely with the time the atom spends in the 
laser beam (tj„ w Try oc w 2 /D, where D is the Rb dif- 
fusion coefficient and w is the beam width); whereas the 
width of the Ramsey fringes is inversely proportional to 
the free evolution time in the dark (t out > Td). The 
sharp central peak, indicative of diffusion-induced Ram- 
sey narrowing, emerges intuitively in this model, since 
only the central fringe adds constructively for all Ram- 
sey sequences, with different diffusion times outside of the 
beam. The narrow width of this central peak is limited by 
other effects (atomic collisions, magnetic field gradients, 
wall collisions, etc.) which set an upper bound on the 
free evolution time. Since the atoms contributing most 
to the sharp central peak spend the majority of their time 
in the dark, the width of this peak is relatively insensitive 
to power broadening. 

In general, when the laser beam diameter is small, re- 
shaping and narrowing of the lineshape are strong, since 
a large fraction of the atoms participate in the diffusion- 
induced Ramsey process, and the free-evolution time be- 
tween interactions with the laser beam can be long. For 
larger laser beam diameters, the Ramsey narrowing grad- 
ually disappears since a smaller fraction of the atoms can 
diffuse out of the beam and return before decohering due 
to other effects. In particular, when the laser beam di- 
ameter approaches the cell diameter, atoms diffusing out 



of the beam rapidly decohere due to wall collisions. (In 
ongoing work we are investigating the effect of coherence- 
preserving wall-coatings.) 

We note that non-Lorentzian EIT lincshapes can ap- 
pear in other circumstances. For instance, a well-known 
form of linewidth narrowing occurs in optically thick me- 
dia due to frequency-selective absorption [l5j. Alter- 
natively, for an optically thin medium with inhomogc- 
neous laser intensity, atoms can reach equilibrium lo- 
cally in the limit of high buffer gas pressure, produc- 
ing a spatial variation of the power broadening and an 
inhomogeneously broadened (and non-Lorentzian) line- 
shape (l6L IT^ I : whereas in the limit of low buffer gas pres- 
sure, atoms can be pumped at one intensity and probed 
at another, leading to a non-Lorentzian lineshape depen- 
dent on the effusive time-of-flight of atoms across the 
sample cell 01 • These effects are qualitatively and quan- 
titatively distinct from diffusion-induced Ramsey nar- 
rowing. 

In conclusion, we identified a novel form of spectral 
narrowing arising from the diffusion of atomic coherence 
in-and-out of an optical interaction region, such as a laser 
beam. We characterized this "diffusion-induced Ramsey 
narrowing" with measurements on Elcctromagnctically 
Induced Transparency (EIT) in warm Rb vapor, and 
found good agreement with an intuitive analytical model 
based on a weighted average of distinct atomic histories 
in the light and the dark. This "repeated interaction 
model" and the spectral narrowing effects studied here 
are relevant to spectroscopy, quantum optics and other 
applications based on long-lived atomic coherences. 
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